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Abstract 
Even after more than four decades of rapid-pace advances, the adoption of Surface-Enhanced 
Raman Scattering (SERS) remains limited, due to the difficulties in fabrication of effective and 
affordable nanostructured surfaces or templates. From this point-of-view, self-assembly techniques 
of SERS substrates formation allowing fabrication of highly branched dendritic silver 
nanostructures, which are very promising for biosensor applications. However, these techniques 
suffer from the lack of control over the resulting structures. Herein, we propose an electroless wet-
chemical approach for highly reproducible fabrication of spatially separated plasmonic active silver 
dendrites in a porous matrix of Si/SiO2 template via controlled self-assembly of silver in a limited 
volume. The proposed approach allows fabrication of spatially separated silver dendrites with sub-
10-nm gaps between neighboring branches, which possessing strong electric field enhancement in 
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a wide spectral range. The fabricated silver dendritic structures enable a SERS enhancement factor 
of ~108 and the analyte detection limit of ~10-15 M, which is at the level of single molecule 
sensitivity. The comparison of simulation results with SERS experiments allows to distinguish the 
presence of electromagnetic and chemical contributions, which have a different effect at various 
analyte concentrations. 
 
Introduction 
Raman spectroscopy, consisting in measuring the inelastic light scattering from a molecule 
with quantized vibrational signature, is a highly innovative technique of modern biomedical 
analysis, clinical and biological studies1. These areas have been experiencing a fast development, 
which has been continuing for more than 40 years after the discovery that inherently weak Raman 
signals can be significantly enhanced for molecules adsorbed onto a rough metal surface. This 
effect, which can be attributed mainly to strong electric field enhancement around subwavelength 
metal roughness, is called Surface-Enhanced Raman Scattering (SERS)2–5 and has been 
demonstrated for various plasmonic structures, including plasmonic nanoantennas6, dimers with 
sub-10-nm gaps7, disordered nanoparticle clusters, metamaterials, and metasurfaces8.  
Electromagnetic mechanisms usually provide the primary role in SERS amplification. 
Excitation of surface plasmons, i.e., coherent oscillations of free electrons at the metal-dielectric 
boundaries, causes regions of a strong electric field (hot spots) arising near metal nanostructures 
and at the junctions between them9–11. The SERS enhancement factor caused by this electric field 
localization is roughly proportional to the fourth power of the electric field amplitude. Subsequent 
analysis has shown that SERS is inherent not only to metals, such as copper (Cu)12, silver (Ag)13, 
and gold (Au)14 but also to resonant all-dielectric nanostructures,15 demonstrating the universal 
nature of this effect, associated with the local electric field enhancement. However, in some cases 
the chemical contribution is a factor responsible for the sharp growth of the Raman scattering cross-
section  due to the interaction of the analyte molecule with the metallic surface16–19. 
Tremendous progress in the area of Raman-based sensors led to the creation of surfaces 
allowing Raman signal detection from a few or even single molecules20. The SERS enhancement 
factor (EF), which is usually defined as 
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has been demonstrated to be as large as 105-1011 (cf. Ref. 5). Here, ISERS stands for the Raman 
intensity obtained for the SERS substrate under a certain analyte concentration CSERS, and IR 
corresponds to the Raman intensity obtained under non-SERS conditions at analyte concentration 
CR. 
However, the adoption of SERS remains limited, to a great extent due to difficulties in 
fabrication of effective and affordable nanostructured plasmonic SERS surfaces. So far, SERS 
substrate fabrication techniques include lithography7, laser ablation21, templated 
electrodeposition22, wet chemistry23,24 and self-assembly8,25. The self-assembly technique is often 
considered the most promising because of its simplicity, cost- and time-effectiveness. For example, 
based on this approach, highly-branched dendritic nanostructures with sub-10-nm gaps between 
neighboring branches can be fabricated26–28. However, self-assembly techniques suffer from the 
lack of control over resulting structures. Thus, despite relatively satisfactory results29, regularly 
reproducible detection of ultra-small concentrations of the analyte (in particular single molecules) 
using dendrites was not demonstrated. The main problem is related to the formation of bulk 
agglomerates26,30–32, which do not allow stable detection at ultra-low concentrations of molecules 
due to the penetration of the analyte into the interior of such structures. As a result, the excitation 
laser does not access the analyte localization region and, consequently, the signal from the analyte 
is poorly recorded.  
For that reason, such problem can be solved by the spatial separation of nanostructures using 
porous templates: polymer track membranes, anodized aluminum oxide, porous silicon, etc.33–36. 
The formation of metallic nanostructures in the pores matrix is usually carried out using two 
methods – electrochemical deposition and electroless galvanic displacement. The first method is 
used to produce nanostructures filling the pore volume (for example, in the formation of 
nanorods)37, and the second – when it is required to realize individual nanoparticles or thin metallic 
layers on the pores surface38.  
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Figure 1. Schematic representation of enhanced Raman scattering from a molecule nearby a silver 
dendrite. 
In this paper, we develop and demonstrate a novel technique for the fabrication of spatially 
separate silver dendrites, presented schematically in Figure 1, via self-organization of Ag 
nanostructures in pores of SiO2/Si templates. We investigate the microstructure, morphology, 
optical features and SERS properties of fabricated nanostructures. Also, we show that observed 
templates allow us to achieve a SERS enhancement factor of ~108 with a single molecule detection 
possibility (~10-15 M).  
Results and discussion 
The formation of Ag nanostructures in the pores of SiO2 template on the Si substrate was 
carried out by electroless galvanic displacement method using an aqueous solution of Ag nitrate 
(AgNO3) and hydrofluoric acid (HF), which dissociates in water into individual cations and anions 
(Ag+, NO3
-, H+, F-) as was published in our previous publication39. The resulted ions participate in 
three parallel processes40,41: electrochemical reduction of [Ag]+ ions to a metallic silver state on Si 
or metal [Eq. (2)] with simultaneous anodic and cathodic oxidation of Si [Eq. (3)], and also SiO2 
dissolution in hydrofluoric acid [Eq. (4)]. Schematically, the processes taking place in the pore of 
the SiO2/Si template are shown in Figure 2.   
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Figure 2. Schematic representation of the processes involved in reduction of [Ag]+ ions occurring 
in pores of a template SiO2 on Si: (a) Ag reduction; (b) SiO2 etching; (c) Si oxidization; (d) all 
processes simultaneously. 
All the pores of the ion-track SiO2/p-Si template are filled with dendritic silver 
nanostructures as shown in Figure 3a. The SEM image of a single pore filled with silver 
nanostructures is presented in Figure 3b. The image reveals that the nanostructures have the form 
of dendrites containing the main trunk, lateral branches and many rounded outgrowths on them. 
Due to the presence of nanoscale inhomogeneities between dendrites branches, the formation of 
“hot spots” can be expected with the enhanced electric field, which can be used for boosting the 
SERS effect. 
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Figure 3. Morphology and microstructure of observed SiO2(Ag)/ Si structures: (a, b) overview and 
single feature SEM micrographs, (c) EBSD analysis of silver dendrite, (d) X-ray diffraction pattern; 
lattice parameter (a) of Ag dendrites is 4.0816 Å. 
The detailed structure of dendrites local features was evaluated by electron backscattered 
diffraction (EBSD). Figure 3c shows the EBSD orientation maps with inverse pole figure related 
color coding related to the sample surface normal direction z (IPFZ). For cubic systems, red color 
means that <100> crystal directions are parallel to the normal direction of the sample, if green or 
blue than <110> or <111> are aligned to normal direction, respectively. Our results suggest the 
presence of   many blue spots around the main trunk that is corresponding to the <111> crystal 
growth direction. Further investigations of grain boundary relations inside the nanostructure reveal 
that most of the grain boundaries are coincidence site lattice (CSL42) grain boundaries 3 (twin 
grain boundary) and few 9 (for more details see Methods). 
The crystallinity of the silver dendrites in the pores of the SiO2/p-Si template was 
determined using X-ray diffraction method. Figure 3d shows the XRD pattern of the produced 
structure. Unlike to the typical diffraction patterns of silver dendrite29,43, we observe a broad 
background signal coming from the amorphous SiO2 layer. The peak at 2Theta about 69 deg 
corresponds to the signal from monocrystalline Si with highly broadened value due to the high 
defectiveness of the near-surface layers, which is caused by the consequence of creating a template 
using ion-track technology in the stage of irradiation with swift heavy ions. Ag dendrites have a 
cubic crystalline structure and are characterized by a set of reflexes from planes (111), (200), (220), 
(311) and (222). The broadened peak of (200) reflex, also, points to the polycrystalline nature of 
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the observed Ag precipitate. The high intensity of (111) reflex indicates the priority direction of 
crystallite growth along this direction that correlates with EBSD observations in Figure 3c. 
To investigate the optical properties of the fabricated dendritic Ag nanostructures 
numerically, we perform the full-wave simulations using CST Microwave Studio (Figure 4a, b). 
The simulation results indicate that the most intense hot spots are located between the neighboring 
dendrite branches, where the electric field enhancement reaches 12 as shown in Figure 4b. It is 
known that the SERS enhancement factor caused by electric field localization is roughly 
proportional to the fourth power of the electric field amplitude (~E4). This gives us an estimation 
for the enhancement factor of ~104. 
 
Figure 4. (a) Distribution of the electric field (logarithmic scale) over the surface of silver dendrite 
located in the pore of the SiO2/ Si template. (b) Electrical field enhancement spectrum in the point 
indicated by inset. (с) Scattering spectrum of the dendritic nanostructures in the pores of the SiO2/Si 
template. 
The typical scattering spectrum (for more details see Methods) of the dendritic 
nanostructures is shown in Figure 4c. The complexness of the structure gives rise to spectral 
broadening of the measured scattering spectra39. Moreover, the scattered light collecting area has a 
radius of 15 µm, and hence each spectrum is averaged over ~50 nanostructures, which causes its 
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additional broadening. In result, the scattering spectrum in Figure 4c does not exhibit sharp peaks 
in the range of 500 - 750 nm with a broadband resonant behavior nearby excitation wavelength 
(633 nm). 
  
Figure 5. (a) Raman spectrum for a dried alcohol solution of DTNB with the concentration of 10-2 
М (black curve), as well as SERS spectra obtained at λ = 633 nm excitation from spatially separated 
Ag dendrites for analyte concentrations of 10-4 М, 10-7 М, 10-10 М, 10-13 М, and 10-15 М. (b) 
Zoomed SERS spectrum of DNTB with the concentration of 10-15 М. 
Next, in order to demonstrate the performance of the resulting structures as a sensor, the 
SERS measurements with using DTNB as a model analyte were performed (for details see 
Methods). Figure 5 summarizes the obtained results. We attribute the observed most intense bands 
at 1062, 1150, 1331, 1554 cm-1 to the DTNB44 analyte. Evolution of SERS spectra shows the 
possibility of detection of ultra-low concentrations of the model DTNB analyte by applying 
localized silver dendrite nanostructures which correspond to EF at least 108. 
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The EF value of 108 exceeds by several orders of magnitude the results of numerical 
simulations. We believe that this indicates the existence of a strong chemical contribution to SERS 
enhancement. This contribution can be caused by the following mechanisms: a change in the 
polarization of the molecule16,17 (static charge transfer, causing an amplification up to 10 times) and 
the transition of a charge from a molecule to a metal (or vice versa) with the formation of a new 
metal-molecule bond, analyte creates new allowed energy levels17,19,45. The energy difference of 
these levels coincides or lies near the energy of exciting wave, which leads to resonant Raman 
scattering. It is known that such a mechanism can provide the amplification of ~102-103 46 and even 
more47. Thus, the cumulative gain factor 108 is determined by the electromagnetic (
e.m.EF ) and 
chemical ( chemEF ) contributions
48,49: 
EF EF EF e.m. chem.  (5) 
The appearance of new allowed levels in the energy spectrum of the molecule can lead to 
differences in comparison with the Raman spectrum of a bare analyte. Indeed, our results show 
(Figure 5a) that the main lines are shifted to the blue side and with decrease in the analyte 
concentration this effect gets enhanced. This behavior of the SERS spectra can be explained in the 
following way. With a sufficient amount of analyte molecules, both amplification mechanisms are 
involved: electromagnetic, which does not affect the spectrum change, and chemical, which causes 
the shift of the combination bands and is noticeably weaker than the electromagnetic one. With a 
decrease in the analyte concentration, the role of the electromagnetic mechanism is weakened, 
because fewer molecules get into “hot spots”. Molecules, which still fall into these regions, fit 
closely to the metal and at distances of the order of several angstroms create a molecular-metal 
complex with silver. Thus, the molecule gets additional allowed energy levels. For that reason, the 
resonant transitions between these levels can also be enhanced by the electromagnetic mechanism. 
A decrease in concentration leads to the fact that molecules that fall into “hot spots” at distances of 
several tens of nanometers from a metal don’t form a bond with silver surface. This is a consequence 
of the dominant effect of the chemical contribution to the SERS spectrum and a more noticeable 
shift in the combination lines. Note that the formation of new molecule-metal complexes can occur 
not only in “hot spots”, but also in other regions of the metal, which also affects the characteristic 
shape of the SERS spectrum with a decrease of the electromagnetic mechanism role. 
Conclusions 
Spatially separated Ag dendritic nanostructures in the pores of the ion-track template 
SiO2/Si were synthesized using directed self-organization of Ag in a limited volume. Microstructure 
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and optical features of SiO2(Ag)/Si nanostructures have been studied numerically and 
experimentally. It has been shown that the Ag nanostructures have the form of dendrites. The SERS 
measurement results indicate the possibility of ultra-low analyte concentration detection, 
comparable to the concentrations of single molecules. The high sensitivity of the fabricated 
structures is justified by the coexistence of electromagnetic and chemical contributions to the 
Raman signal amplification. The modeling of the electromagnetic wave interaction with dendrites 
indicates that the appearance of “hot spots” occurs in places of twinning (intergrowth of the 
branches of the dendrite). The fabricated dendrites have a large number of "hot spots" with an 
electric field enhancement factor of 12. The random distribution of "hot spots" on a dendrite leads 
to its broadened scattering spectrum. We strongly believe that the simplicity, reproducibility, and 
scalability of the presented method for the formation of spatially separated dendrites make it 
promising for various vital applications in photonics, chemistry, and biology. 
Materials and methods 
To obtain porous SiO2 templates on Si substrate the ion-track technology was used 
50,51. For 
the substrate irradiation, single-crystal silicon (p-type, Boron doped, 12 Ohm·cm (100)) wafers 
were used with a layer of an amorphous SiO2 dielectric layer with a thickness of about 700 nm. The 
wafer irradiation was performed by 152Sm ions with the energy of 350 MeV and fluence of 108 cm-
2 at UNILAC linear accelerator (GSI, Darmstadt, Germany). The low fluence was determined by 
the need to obtain spatially separated silver nanostructures. In details, the process of obtaining 
SiO2/Si templates is described in our previous work
35. In our experiments, the etching was carried 
out in hydrofluoric acid (HF) at a concentration of 1%. The total irradiated surface treatment time 
was 110 min, which provided a pore diameter of ~ 800 nm.  
The growth of silver nanostructures in porous SiO2/Si templates was carried out using the 
electroless galvanic displacement method. Firstly, the templates were washed in isopropyl alcohol, 
and then in distilled water and dried in air for 30 minutes. The electrolyte for the silver deposition 
was an aqueous 0.02M solution of silver nitrate (AgNO3) and 5M hydrofluoric acid (HF). The 
deposition of metal into the pores was carried out at a temperature of 35 °C for 30 s. Finally, the 
samples were washed in distilled water and dried in a stream of nitrogen. 
The scattering properties (LSPR - Localized Surface Plasmon Resonance) of the metal 
nanostructures were recorded with a dark-field micro-spectroscopy similarly as in Ref.52. Briefly, 
the micro-spectroscopy system consisting of an upright microscope (AxioImager Z1m, Carl Zeiss) 
combined with a fiber-coupled spectrometer (Spectra Pro 2300i, Princeton Instruments) and used 
in the dark-field top illumination settings. The microscope was equipped with a color camera 
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(AxioCam Mrc5, Carl Zeiss) to record the overview images of the samples. The scattering signal 
was recorded from a circular area with the diameter of 15 µm (10x objective; NA = 0.2, 150 µm 
diameter aperture in front of the collecting fiber) from the middle of the overview image. The 
scattering signals were corrected for a background and a lamp spectrum. 
To clarify the crystal structure of silver dendrites, the X-Ray diffraction (XRD) patterns 
were measured using X'Pert Pro X-ray diffractometer from PANalytical B.V. measured in the 
Bragg-Brentano arrangement.  
Scanning electron microscopy (SEM, Carl Zeiss ULTRA 55, FE-SEM) was chosen to 
characterize the surface morphology of the obtained samples. 
The EBSD (Electron Back-Scatter Diffraction) analysis of the samples was performed using 
a scanning electron microscope equipped with a Schottky emitter (Zeiss Ultra 55) and a high 
resolution EBSD camera (Bruker e-FlashHR) using an acceleration voltage of 20 kV at a nominal 
sample current of 1.5 nA, sample tilt of 60° with respect to the primary electron beam, and a 
scanning step width of 12 nm. The resolution of the Kikuchi patterns was 160120 pixels applying 
a binning of 1010 and using integration times of 40 ms. There were no problems with charging 
issues. The data were evaluated using a commercial software package (Bruker Quantax; Esprit 2.1) 
as well as the MATLAB toolbox MTEX53. 
The SERS measurements were performed using commercially available confocal micro-
spectrometer "Confotec CARS" (SOL Instruments Ltd., Belarus) setup equipped with several laser 
systems including a 633 nm laser54. During the measurements a 600 lines per mm grating was used 
with a spectral resolution of ~ 2 cm-1, the same objective (Leica 100x, 0.9 N.A.) was employed for 
focusing the laser beam on the sample and for collecting the backscattered light. The laser power 
50 µW within the exposure time of 1s was exploited. For the SERS studies, the Ellman's reagent 
C14H8N2O8S2 (5,50-dithiobis-(2-nitrobenzoic acid)) or DTNB was used as a model analyte in 
different concentrations: 10-4 М, 10-7 М, 10-10 М, 10-13 М, and 10-15 М. For registration of ultra-
low concentrations (10-13 М and 10-15 М) of the analyte, 1010 µm mapping was used. For 
comparing with SERS spectra Raman spectrum measured from 10-2 М of DTNB on the SiO2/Si 
template without silver.  
CST Microwave Studio is a full-wave 3D electromagnetic field solver based on finite-
integral time domain (FITD) solution technique. A nonuniform mesh was used to improve accuracy 
near the Ag nanorods where the field concentration was significantly large55. The SiO2 substrate 
thickness has been taken to be 170 nm. The lengths of big and small dendritic were ~1130 nm and 
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170 nm, respectively. The thickness of the big and small dendrites was 180 nm and 70 nm, 
respectively. The radius of the rounded outgrowths was 53 nm. 
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